When Rous sarcoma virus RNA is transcribed into DNA by the reverse transcriptase, a tRNA primer is elongated into DNA. The primer is near the 5' end of the virus genome; the -first major DNA made is a "run-off" product extending 101 bases from the primer to the 5' end of the template. We have studied this DNA molecule to determine the sequence of the first 101 bases at the 5' end of the Rous sarcoma virus genome (Prague strain, subgroup C). Twenty-one bases at the extreme 5' end are also at the 3' end of the virus genome ( In vitro, when reverse transcriptase copies the RNA of RSV, DNA products of various discrete lengths are synthesized. At sufficient deoxynucloeoside triphosphate concentrations, the longest of these chains covers a major portion of the genome [1000-4000 (6-9) up to full length, 10,00 nucleotides (E.
anisms by which the growing DNA copy can jump from the 5' end to a 3' end of the template and become circular. The sequence also displays a possible ribosome binding site and enough secondary structure to permit a possible 5 In vitro, when reverse transcriptase copies the RNA of RSV, DNA products of various discrete lengths are synthesized. At sufficient deoxynucloeoside triphosphate concentrations, the longest of these chains covers a major portion of the genome [1000-4000 (6-9) up to full length, 10,00 nucleotides (E.
Rothenberg and D. Baltimore, personal communication)]. A tRNA primer initiates these chains (1, 10) ; the first eight deoxynucleotides added to its 3' end are AATGAAGC (9, 11, 12) ; and the longer fragments are extensions of this sequence (9, 12) . Thus, in vitro, the reverse transcriptase initiates DNA synthesis at a unique site and terminates at a series of defined sites along the genome.
This would be a natural, expected behavior, except for the curious finding by Taylor and Illmensee (13) and Staskus et al. (14) that the tRNA primer is bound very near the 5' end of the template RNA. Thus, as the reverse transcriptase copies (in the 5' to 3' direction), it soon will come to the 5' end of the template and fall off. How is this to be reconciled with the existence of ordered long DNA transcripts?
With RSV, under most in vitro conditions, about 20% of all initiation events terminate at a specific site about 100 bases from the primer (9, 10, 12, 15) . This product, strong-stop DNA, obviously is a candidate for the run-off product: a DNA fragment running from the primer to the 5' end of the template. We for 5 min at 25°and 20,000 X g separated the phases. The phenol/chloroform was reextracted with buffer A; the aqueous phases were combined and reextracted with an equal volume of chloroform. Then, 2 volumes of ethanol was added, and the nucleic acids were collected by centrifugation at 200 for 5 hr at 30,000 X g. The pellet was resuspended in water, 2 volumes of ethanol was added; and the suspension was centrifuged as before.
The final pellet was dissolved in 50 ,ul of 0.3 M NaOH and held at 370 for 15 hr to hydrolyze primer and template RNA; then the DNA was precipitated with 100 ,l of 1.0 M NaOAc and 500 ul of 95% ethanol by chilling in a Dry Ice-ethanol bath and collected by centrifuging at 12,000 X g for 10 min. The pellet was rinsed with 95% ethanol, dried, and redissolved in 25 Ci/mmol) as described in Materials and Methods, layered on an 8% polyacrylamide slab gel, and subjected to electrophoresis until the bromphenol blue marker dye had moved 15 cm. The gel was then exposed to Kodak XR-5 x-ray film for 30 min, and the labeled strong-stop (SS) DNA was extracted for sequence analysis.
at adenine (and to some extent, guanine) the DNA was treated with 50 mM dimethyl sulfate at 20°for 20 min, the methylated adenines were preferentially released at pH 1, and the strands were broken at depurination sites by treatment with 0.1 M NaOH at 900 for 30 min. Two cleavages at guanine were used after the same reaction with dimethyl sulfate: either heat depurination for a strong G/weak A pattern after NaOH cleavage, or 1.0 M piperidine at 90°for 30 min for a G-specific cleavage. Reaction with 18 M hydrazine in 2 M NaCl at 20°for 30 min, followed by displacement and strand scission with 0.5 M piperidine at 900 for 30 min, cleaved at cytosine. The same reaction with hydrazine alone for only 20 min, followed by piperidine, cleaved at both cytosine and thymine. The endlabeled partial cleavage products from the four reactions were fractionated on a 0.15 X 33 X 40 cm slab gel polymerized from 20% acrylamide/0.67% bisacrylamide/7 M urea/50 mM Tris-borate, pH 8.3/1 mM EDTA as described (16 products with polynucleotide kinase and [y-32P]ATP and resolved the labeled molecules on a preparative polyacrylamide gel. Fig. 1 shows that about 80% of the synthesis product was unique, strong-stop DNA. We excised strong-stop DNA from the gel and sequenced it by partial, base-specific, chemical cleavages and separation of the end-labeled products by size on polyacrylamide gels (16 (1977) ..-k .14all"". 1. . tides of the tRNA primer (1, 19) is shown in Fig. 4 Fig. 4 . However, Cordell of the host tRNA primer that specifically binds to the viral template (19) and the first 101 deoxynucleotides added to its 3' end by the reverse transcriptase. The sequence of this strong-stop DNA was derived from the band patterns of Fig. 2 and 3 . Middle. The complementary viral RNA sequence inferred from the DNA transcripts, the primer binding sequence (19) , and the cap structure (21, 22) . Bottom. The putative proviral DNA sequence encompassing this region, with potential cleavage sites for restriction endonucleases (36, 37) . et al. (19) have argued that the last A in the tRNA is not basepaired to the template. Thus, we do not know base 102.
Terminal Redundancy of the RSV Genome Can Lead to Circularization. Schwartz, Zamecnik, and Weith (this issue, pp. 994-998) have determined the sequence at the 3' end of the RSV genome by priming DNA synthesis off the region near the poly(A) tail using specially constructed primers containing oligo-dT. They concluded that the RNA sequence at the 3' end
This sequence is identical, for 21 bases, to the one we find just after the cap. Thus, the first 21 nucleotides of RSV are identical to the last 21: the RSV genome [excluding the poly(A)] is terminally redundant.
How is the strong-stop DNA to be elongated into an extensive copy of the genome? Because the initiation occurs at the 5' end of the RNA, the growing DNA chain must jump to the 3' end of the RNA if the entire genome is to be transcribed. Clearly, the terminally redundant sequence could be used to elongate the DNA chain past the 5' end of the genome. Fig. 5 shows how this redundant information might be used. The nascent DNA chain could float away from its template at the 5' end and pair with a new template at the 3' end for further elongation, or the RNase H activity of the reverse transcriptase may digest some of the RNA from the RNA-DNA hybrid containing the strong-stop DNA, revealing that DNA so that it can pair with the repeated sequence at the 3' end.
The terminal redundancy, used in this jumping mechanism, will also serve to create DNA circles. If the nascent chain jumps to the other RNA molecule in the virion, the ultimate singlestranded DNA product could be a greater-than-genome-length strand; after it becomes double-stranded, there is enough information for circularization by recombination. Alternatively, the nascent chain might pick up at the 3' end of the same RNA. Then, as the DNA elongates, the growing point may finally come to the tRNA primer and, on displacing it, arrive at the 5 (Fig. 4) . Only the AUG at 83 and the GUG at 116 are not in phase with termination sequences; all the others are in phase with UGA codons. Fig. 6 shows that there are sequences partially complementary to the 3' end of chicken fibroblast 18S ribosomal RNA (26) near AUG 83, supporting the suggestion that this may be a functional initiation codon in a ribosome binding site (27) . This AUG is immediately preceded by the termination codon UGA.
If AUG 83 is an initiation codon, then that protein should begin Met-Lys-GIn-Lys-Ala-. . .; we suggest that this may be the NH2-terminal sequence of the precurser to the group-specific antigen (gag) proteins, the gene for which is near the 5' end of the genome (24, 25, 28, 29) . The ribosome binding site is close to the tRNA primer binding site. This proximity may allow bound tRNA to interfere with ribosome attachment and thus to control translation. (Fig. 4) (19) ; all other sequences were determined directly (1, 19, 35) or from cDNA (this work).
Proc. Natl. Acad. Sci. USA 74 (1977) complex that sediments at 70 S (30) (31) (32) . Electron microscopy has often shown, especially for primate tumor viruses,.the two RNA subunits held together at their 5' ends (33, 34) . The sequence of RSV permits such an interaction. Fig. 7 shows two such hypothetical dimer linkages. A palindrome sequence from bases 64 to 1J0. would allow 36 to 40 base pairs to connect the subunits. If the primer tRNAs also base-pair to the subunits of the 70S structure, then they may help link the 35S RNAs together, because sequences complementary to the tRNA occur in apposed regions of the two viral RNAs. Curiously, the RNase T1 and T2 cutting sites in the primer-viral RNA hybrid (19, 35) fall in convenient places in this speculative model.
The strong-stop DNA fragment is part of a tumor virus replication intermediate. It is a short reverse transcript, polymerized onto an RNA primer bound at a unique place on the viral RNA, which ultimately primes the synthesis of a complete transcript of the viral genome. Sequence analysis of replication intermediates is worthwhile in its own right, but fortuitously, the RSV strong-stop intermediate is also a DNA copy of the 5' end of the RNA genome, so sequencing this DNA yields information about an essential region of viral RNA, suggesting speculations on how the viral genome is translated, linked to itself, and replicated. 
